Changes in the pattern of steady-state modes of current transfer to thermionic cathodes induced by variations of the cathode geometry and temperature of the cooling fluid are studied numerically. For some combinations of control parameters, only one stable mode in a wide current range exists, which combines features of spot and diffuse modes. This mode, when attached to an elongated protrusion on the cathode surface, may be identified with the so-called super spot mode observed in experiments on low-current arcs. There is also reasonable agreement between the modelling and the experiment on cathodes of high-current arcs operating in the diffuse mode. The conclusions on existence under certain conditions of only one stable mode in a wide current range and of a minimum of the dependence of the temperature of the hottest point of the cathode on the arc current, manifested by this mode, may have industrial importance and admit a straightforward experimental verification.
Introduction
Observations of different modes of current transfer from highpressure arc plasmas to thermionic cathodes were reported long ago both for conditions of low-current arcs [1] and arcs with the current of a few hundred amperes [2] . Such observations have also been reported by many subsequent authors; see, e.g. [3] [4] [5] [6] [7] [8] and also references and discussion in [9] . A variety of modes were observed, the most frequent being the so-called diffuse mode and a constricted, or spot, mode.
Processes governing current transfer from high-pressure arc plasmas to thermionic cathodes are many and of different nature and occur on strongly different time scales. Processes governing distributions of the ions, electrons and the electric field in the near-cathode plasma are the fastest. The relevant time scale is represented by the time of motion of the ions across the near-cathode layer where the energy flux to the cathode is generated. This time is comparable to the ionization time and, if estimated with the use of characteristic parameters of the near-cathode region of the atmospheric-pressure argon arc taken from [10] , is of the order of 1 µs or lower.
Formation of diffuse and spot modes of current transfer, as well as switching between the modes, is governed by the process of conduction of heat in the body of the cathode. Since the temperature distribution inside the cathode is characterized by a variety of length scales, this process comprises several phases characterized by different time scales. The smallest and, respectively, biggest time scales are represented by the times of diffusion of heat over distances of the order of the radius of the cathode spot and, respectively, of the order of the cathode height. Taking 10 −5 m 2 s −1 as a typical value of thermal diffusivity of electrode materials and assuming 50 µm as a lower estimate of the radius of the cathode spot and 10 mm as a characteristic height of the cathode, one finds that the time scales of heat conduction in the cathode body are comprised between 0.25 ms and 10 s.
It happens frequently that cathodes of high-pressure arc discharges change their shape due to melting and/or evaporation of the cathode material with subsequent return of a part of the evaporated metal to the cathode in the form of either neutral atoms (condensation of the vapour) or ions (the so-called recycling). These changes usually take from several minutes to several hours (e.g. sections 3.2 and 3.4 of [6] and section 2 of [7] ).
Thus, heat propagates in the cathode body much slower than processes in the near-cathode plasma occur, but much faster than the cathode changes its shape. It follows that, while treating the formation of diffuse and spot modes of current transfer and switching between the modes, one may assume that variations of distributions of the ions, electrons and the electric field in the near-cathode plasma, caused by variations of the potential and the distribution of temperature of the cathode surface, occur instantaneously, while variations of the cathode shape are frozen. A theoretical approach to description of diffuse and spot modes on thermionic cathodes which is developed along these lines and makes use of the thinness of a near-cathode plasma layer where the energy flux to the cathode surface is generated is frequently termed the model of nonlinear surface heating.
The model of nonlinear surface heating does not account for the effect of convective motion of the gas over the plasmacathode interaction, on the grounds that the normal component of the gas velocity can hardly be sufficiently high in the above mentioned very thin near-cathode plasma layer where the energy flux to the cathode surface is generated. It is difficult to estimate the effect of convective motion of the gas theoretically, since the distribution of the gas velocity in the immediate vicinity of the cathode surface is unknown. The experiment seems to indicate that a convective motion of the gas is necessary for the formation of the so-called blue-core mode [11] , which can occur on cathodes of low-current freeburning arcs, especially on those made of thoriated tungsten. However, there are no indications that a convective motion plays a role in the formation of the diffuse or spot modes. (It is interesting to note that the situation is different as far as modes of anode attachment are concerned: it is believed [12] that in the diffuse mode the power is supplied to the anode by a plasma flow from the bulk.) Therefore, the model of nonlinear surface heating represents an adequate tool for investigation of the diffuse and spot modes.
The model of nonlinear surface heating was proposed long ago [13] ; however, its power has been universally appreciated only during the last decade; see review [9] and references therein. The most important feature of this model is the existence, under the same conditions, of multiple solutions describing the diffuse mode of current transfer and different spot modes. This feature has made a self-consistent modelling of the diffuse and spot modes on cathodes of a given shape a matter of routine. One can mention, as an example, a free Internet tool [14] for simulation of diffuse and axially symmetric spot modes on cylindrical cathodes in a wide range of arc currents, plasma compositions and cathode materials and dimensions, which also serves as a tutorial on finding multiple solutions describing diffuse and spot modes.
A pattern of different modes of current transfer studied up to now comprises a diffuse mode that exists at all currents and different spot modes that exist at currents low enough. This pattern has been established theoretically [15] with the use of ideas from the theory of self-organization in nonlinear dissipative systems and was confirmed by the numerical modelling of cylindrical cathodes with the flat front surface [16, 17] . Also fit into this pattern results of numerical modelling of cathodes with a rounded edge of the front surface [9, 18, 19] and cathodes with a hemispherical front surface [18, 20] , except that the spot modes in [18, 20] were found not in the whole region of their existence. Stability has been studied only for cylindrical cathodes with the flat front surface [21, 22] and it was found that the diffuse mode is stable at all currents of interest if the cathode is thin enough and is unstable at low currents otherwise; the high-and low-voltage branches of the mode with a spot at the edge of the front surface are stable and, respectively, unstable; all the other spot modes are unstable, including axially symmetric spot modes.
However, the results of the recent numerical modelling [23] do not fit into the above-described pattern. This modelling was motivated by the experiments [6, 24] (similar experiments were also reported in [25] ) and dealt with a cylindrical cathode with a hemispherical tip and a protrusion at the top of the tip. Two axially symmetric modes have been found in this modelling. One of the modes exists only at low currents and comprises two branches separated by a turning point, one of these branches being stable and another unstable. The stable branch is associated with thermal regimes of the cathode which are characteristic of the diffuse mode and there seems to be a poorly pronounced spot in thermal regimes associated with the unstable branch. The other mode exists at all currents, is Z-shaped, and manifests a smooth transition from thermal regimes characteristic of the spot mode (at low currents) to regimes characteristic of the diffuse mode (at high currents). This mode is stable except at the 'retrograde' section of the Z-shape. This mode was also found in the numerical modelling of current transfer to cylindrical cathodes with a blunt conical tip [26] , which are usually employed in plasma torches for plasma spraying, cutting, welding, metal purification, extractive metallurgy, powder synthesis, etc.
The above-cited results indicate that more than one pattern of current transfer to thermionic cathodes and of its stability can occur under conditions of industrial interest. It is important to study these patterns in a wide range of conditions and to find out in what conditions each pattern occurs and how a transition between different patterns happens. This work is dedicated to this task. The outline of the paper is as follows. The model for the calculation of steady-state current transfer and its stability and its numerical realization are described in section 2. Numerical results on variations of the pattern of current transfer are given and discussed in section 3. In section 4, a comparison with available experimental data is given and the possibilities of comparison with data of future experiments are discussed. Concluding remarks are given in section 5.
Model and numerics

Equations and boundary conditions
Analysis of this work is based on the model of nonlinear surface heating, which has been virtually universally accepted by now as an adequate tool for analysis of plasma-cathode interaction in high-pressure arc discharges. A detailed description of the model can be found elsewhere (e.g. [9] and references therein; one may find useful also the site [14] where some additional theoretical materials are posted, as well as hints concerning numerical modelling on the basis of this model).
In brief, the model of nonlinear surface heating may be described as follows. Let us consider a thermionic cathode of a high-pressure arc discharge made of a substance of thermal conductivity κ, density ρ and specific heat c p , which are known functions of the temperature T :
Joule heat generation inside the cathode is neglected; see, e.g. estimates in [9] . The temperature distribution in the body of the cathode is governed by the non-stationary equation of heat conduction
where t is time.
The base c of the cathode is maintained at a fixed temperature T c by external cooling and the rest of the cathode surface, h , is in contact with the plasma (or the cold gas) and exchanges energy with it and collects electric current, see figure 1. Then equation (1) is solved with the following boundary conditions:
Here n is a direction locally orthogonal to the cathode surface and directed outside the cathode, q(T w , U) is the density of the energy flux coming from the plasma to the current-collecting part of the cathode surface, T w is the (local) temperature of the cathode surface and U is the voltage drop across the nearcathode layer (which is assumed to be the same at all points of the arc attachment). The arc current I is determined by the temperature distribution of the cathode surface and by the value of U and is given by the formula
where j (T w , U) is the density of electric current to the currentcollecting part of the cathode surface. Densities of the energy flux and of the electric current to the cathode surface, q and j , are treated as known functions of the local surface temperature and of the voltage drop across the near-cathode layer: q = q(T w , U) and j = j (T w , U). The arc current I is treated as a given parameter and the problem (1)- (3) is solved for the function T and the parameter U .
Results reported in this work include steady-state solutions to the problem (1)-(3) and their stability against small perturbations. The problem governing steady-state solutions is obtained by dropping the left-hand side of equation (1) . The stability was investigated in the framework of the linear theory, which amounts to representing a solution to the problem (1)-(3) as a sum of a steady-state solution T 0 and a small perturbation with an exponential time dependence:
λt . (Here r denotes the space vector.) The amplitude T 1 (r) and the increment λ of growth of the perturbation are governed by an eigenvalue problem which is obtained by linearizing the problem (1)-(3) with respect to T 1 ; see equations (8)- (11) of [22] . (Note that there is a misprint in equation (9) of [22] : the term T 1 (dκ/dT )(T 0 )(∂T 0 /∂n) is missing on the left-hand side.)
Numerical solution
Numerical calculations reported in this work have been performed with the use of the commercial finite element software COMSOL Multiphysics. The functions q = q(T w , U) and j = j (T w , U) were calculated by means of equations describing the near-cathode layer in a high-pressure arc plasma that are summarized in [27] . Note that the energy flux related to the vaporization/condensation of the electrode material was neglected in accordance with the estimates [28] . A module realizing this calculation is written in Fortran and the produced data are transferred to COMSOL Multiphysics in the form of tables.
A numerical calculation of steady-state modes of current transfer with investigation of their stability by means of COMSOL Multiphysics was reported in [22, 29] . In [22] , the problem (1)-(3) was solved by means of COMSOL Multiphysics through the heat transfer application mode with the use of the stationary and eigenvalue solvers. This approach does not allow one to manually introduce the eigenvalue problem for perturbations; this problem is generated by the software. In [29] , the steady-state problem was solved through the heat transfer application mode (or the PDE mode) with the use of the stationary solver, and the eigenvalue problem for perturbations (which was introduced manually) was solved by means of the PDE mode with the use of the eigenvalue solver. Such separation of the steady-state and eigenvalue problems allows one to treat cases where a steady-state mode and its perturbations possess different symmetries, a situation frequently occurring on axially symmetric cathodes.
In particular, such separation allowed an investigation of stability of steady-state 3D modes (which possesses planar symmetry) against antisymmetric perturbations [29] , which was lacking in [22] . For completeness, we give here a brief summary of the results. At the bifurcation point, where the 3D mode being investigated branches off from an axially symmetric mode, all the perturbations are harmonic, i.e. depend on the azimuthal angle ϕ as sin nϕ, n = 1, 2, 3, . . ., and there is an infinite number of perturbations with each n. At states beyond the bifurcation point, perturbations are no longer harmonic in ϕ. They continue to be odd and periodic; however, the period is not necessarily the same as it was at the bifurcation point (2π/n). The set of periods of odd perturbations of a steady state with ν spots at the edge of the front surface of the cathode is contained between 2π and 2π/ν and defined by the same rule as periods of even perturbations; see appendix C of [21] . Odd perturbations do not change sign of their increment along 3D steady-state spot modes. A state with ν spots is neutrally stable against one of the modes of perturbations with the period of 2π/ν and stable against the other modes with the same period. If ν 2, then this state is unstable against ν − 1 modes of perturbations with periods exceeding 2π/ν and stable against all the other modes with such periods. These results, which conform to the analytical theory [21] , confirm the reasoning given at the end of section 4.5 of [22] and therefore conclusions on stability drawn in [22] remain unaltered.
In this work, the steady-state problem and the eigenvalue problem for perturbations are solved separately, similarly to how it was done in [29] . The treatment is focused on axially symmetric steady states (note that the states treated in [29] were 3D) and the use is made of the fact that 3D perturbations of axially symmetric steady states are harmonic with respect to the azimuthal angle. The eigenvalue problems governing stability against each of the harmonics may be formulated in 2D; cf equations (20) and (21) of [21] . Therefore, it is sufficient to solve a series of 2D eigenvalue problems governing stability against different harmonics, in order to obtain a complete spectrum of perturbations of an axially symmetric steady state. An obvious advantage of this approach, compared with a straightforward solution of the eigenvalue problem for 3D perturbations in 3D, is a dramatic reduction in RAM and CPU time. Even more important is the elimination of difficulties originating in an extreme sensitivity of results of 3D stability calculations with respect to details of the steady-state solution in the vicinity of the axis of symmetry.
Variations of the pattern of current transfer
Numerical results given in this work refer to cathodes made of tungsten. Data on thermal conductivity and emissivity of tungsten have been taken from [30] and [31] , respectively. Data used for ρ and c p affect values of the increment of perturbations, but they do not affect the sign of the increment and, therefore, conclusions on stability. Nevertheless, we indicate for completeness that in this work the density of tungsten was set equal to 19 250 kg m −3 and the specific heat of tungsten was taken from [31] . The value of 4.55 eV was assumed for the work function of tungsten. All the results unless otherwise specified refer to an arc operating in argon under the pressure of 1 bar.
The aim of this section is to investigate variations of the pattern of current transfer to thermionic cathodes. To this end, it is appropriate to consider axially symmetric cathodes which consist of a cylindrical section, a tip in the form of half of a spheroid (ellipsoid of revolution) at the top of the cylindrical section, and a hemispherical protrusion at the top of the tip; see figure 1 . (More precisely, the protrusion represents a part of a sphere which is a little bigger than the hemisphere.) The radius and height of the cylindrical section are designated R and, respectively, h − d. The axis of revolution of the spheroidal tip coincides with the axis of the cylindrical section, the horizontal semi-axis of the spheroid equals the radius R of the cylindrical section and the vertical semi-axis of the spheroid is designated d. The centre of the hemispherical protrusion is positioned at the height h with respect to the cathode base on the (common) axis of symmetry of the cylindrical section and the tip. The radius of the protrusion is designated R p . Note that h denotes the height of the cathode without protrusion.
Given a large number of variable control parameters, the following approach was adopted in order to present the results in a manageable way: one variant is chosen as basic (reference point) and then control parameters are varied one by one, each time starting from the basic variant. In order that this approach allow one to demonstrate all kinds of variations of the pattern of current transfer, care should be employed while choosing the basic variant. In this work, the following variant is chosen as basic: h = 10 mm, R = d = 1 mm, R p = 0 (that is, a cathode with a hemispherical tip without protrusion), T c = 1000 K.
Basic variant
Two axially symmetric steady-state modes have been found in numerical simulations for the above-specified basic variant. CVCs and the dependence of the maximum temperature of the cathode surface on the arc current for these two modes are shown in figure 2, U 1 and T 1 referring to one of these modes and U 2 and T 2 to the other. Stable and unstable sections of each mode in this and the following figures are depicted by solid or, respectively, dotted lines. Note that the section of the CVC corresponding to the unstable section of mode 2 coincides, with the graphic accuracy, with the CVC of mode 1 and cannot be seen; the same applies to some of the subsequent figures.
Mode 1 is associated with a smooth distribution of temperature along the front surface of the cathode and is conventionally termed the diffuse mode (although the terms 'pseudodiffuse' or 'fundamental' mode would be more rigorous [32] ). It exists and is stable in the whole current range under consideration. Mode 2 is associated with a distribution of temperature with a maximum at the centre of the front surface of the cathode and may be termed the first axially symmetric spot mode. It is composed of two branches separated by a turning point K 1 and exists in a limited current range I 7.6 A. In the following, branches of the spot mode which manifest higher or, respectively, lower values of the maximum temperature of the cathode surface will be referred to as a high-or low-temperature branch. The high-temperature branch is stable, the lowtemperature branch is unstable. The high-temperature branch is associated with a well-pronounced spot, the low-temperature branch is associated with a spot which is somewhat diffuse. The low-temperature branch manifests a shape that resembles Z (the reflected S). The insets in figure 2 show the behaviour of the CVC of the spot mode in the vicinity of the turning point K 1 and in the vicinity of the Z-shape. The near-cathode voltage drop on the high-temperature branch of the spot mode is in the vicinity of the turning point slightly higher than the voltage drop on the low-temperature branch (although this difference is small and can be clearly seen only in the inset), and is lower than the voltage drop on the low-temperature branch at I 1.5 A.
Except for the Z-shape, this pattern is similar to the one previously established for a rod cathode with a flat front surface [16, 17] . However, there is a fundamental difference concerning stability of the spot mode: both branches of the first axially symmetric spot mode on a cathode with a flat front surface are unstable [22] .
Under conditions of figure 2, the high-temperature branch is stable, i.e. all perturbation modes have negative increments. It follows from the theoretical analysis of stability in the vicinity of a turning point [21, 32] that there are one axially symmetric perturbation mode with a positive increment on the section K 1 K 2 of the low-temperature branch; two axially symmetric perturbation modes with positive increments on the section K 2 K 3 and one axially symmetric perturbation mode with a positive increment beyond the turning point K 3 . This is indeed what has been found in the numerical modelling. No 3D perturbation modes with positive increments have been found.
Under conditions of figure 2, states in the vicinity of the turning point K 1 that are associated with higher values of the near-cathode voltage and maximum temperature of the cathode surface are stable, and those associated with lower values are unstable. However, the theoretical analysis [21] indicates that stability of a state in the vicinity of a turning point is unrelated to whether this state is associated with lower or higher values of the near-cathode voltage or maximum temperature of the cathode surface: what matters is whether the turning point in the plane (I, U ) is traversed in the clockwise direction or in the counterclockwise direction. In the former case, states before the turning point are stable against one mode of perturbations of the same symmetry that the steady-state mode itself and states after the turning point are unstable. In the latter case, states before the turning point are unstable and the ones after it are stable. Therefore, the above-mentioned feature of figure 2 is not a general result. Indeed, counter-examples will be encountered in the following.
The above-described modelling predicts stable regimes of current transfer at currents of several hundred milliamperes with near-cathode voltages of several hundred volts, far in excess of near-cathode voltages of up to 50 to 60 V observed in experiments with arc cathodes (e.g. [18, 33] ). One should keep in mind, however, that although the current range of several hundred milliamperes has been studied experimentally in connection with high-intensity discharge lamps (e.g. [34] ), this was done on substantially smaller cathodes (of a radius of a few hundred micrometres), i.e. at substantially higher average current densities. On the other hand, this current range is well above the range of a few milliamperes, which is characteristic of dc atmospheric-pressure glow discharges (e.g. [35] [36] [37] ). Thus, the above regimes are intermediate between those characteristic for arc and glow cathodes and remain unexplored, to the best of our knowledge. It would be very interesting to try to observe such regimes experimentally. (Note that effects neglected by the present model come into play in such regimes, e.g. secondary electron emission and deviations of the electron energy distribution function from the Maxwellian distribution. These effects, however, can hardly render theoretical predictions inaccurate by orders of magnitude. Note that it is not very difficult to include these effects in the model if needed.) This is one of the reasons why the CVCs are shown in figure 2 and subsequent figures in the range of near-cathode voltages of up to 500 V, a value unusually high from the point of view of arc cathodes. Another reason is that the nature of variations of patterns of current transfer cannot be understood without the analysis of data referring to a wide range of conditions, as will be seen in the following.
In addition to the two above-discussed axially symmetric solutions describing the diffuse mode and the first axially symmetric spot mode, also 3D solutions describing 3D spot modes have been found in the modelling. However, the position of the maximum of the temperature of the cathode surface, described by these solutions, in most cases was found to coincide with the position of the maximum in the initial approximation used to compute the corresponding solution. In other words, it was possible to obtain a solution with a spot positioned at virtually any point of the front surface of the cathode. The set of multiple solutions was discrete in all the cases studied before; therefore, the existence of a continuum set of 3D spot modes is unexpected and this result requires a special analysis. Such analysis falls beyond the scope of this work; therefore, the following treatment is focused on axially symmetric modes. 
Effect of the curvature of the cathode tip
The curvature of the cathode tip is defined by the parameter d (see figure 1 ): d = R corresponds to a hemispherical tip, 0 < d < R to an oblate spheroidal tip, d = 0 to a cathode with a flat front surface and d > R to a prolate spheroidal tip.
Oblate spheroidal tip.
CVCs and the dependence of the maximum temperature of the cathode surface on the arc current for several cathodes with d < R are shown in figure 3 . In all the cases, the indices 1 and 2 continue to designate the diffuse and, respectively, the first axially symmetric spot modes.
A decrease in the curvature of the cathode tip has virtually no effect on the diffuse mode and its stability. There is some effect over the spot mode: the above-described Z-shape which is present on the low-temperature branch of the spot mode in the basic variant (at d = 1 mm) becomes less pronounced with a decrease in d and has been extinguished already at d = 0.98 mm. The weak non-monotony of the dependence T (I ) on the low-temperature branch of the spot mode which is seen in figure 3 (a) at I between approximately 1 and 2 A represents a 'remnant' of the Z-shape. Otherwise, the effect of a decrease in the curvature of the cathode tip over the spot mode is not strong. Similarly to what is seen in figure 2 , the near-cathode voltage drop on the high-temperature branch of the spot mode is in all the cases slightly higher than the voltage drop on the low-temperature branch in the vicinity of the turning point (although this difference is small and can hardly be seen in figures 3(a)-(c)), and is lower than the voltage drop on the low-temperature branch at I below approximately 1.5 A.
There is, however, a dramatic effect over stability of the spot mode. In the basic variant, the high-temperature branch is stable against all perturbations and the low-temperature branch is unstable against axially symmetric perturbations, with the change in stability occurring at the turning point separating these branches. As d decreases, states of the high-temperature branch lose stability against the perturbations proportional to sine or cosine of the azimuthal angle, which represent the first mode of 3D perturbations. The state at which the change in stability against the first mode of 3D perturbations occurs is marked in figure 3 by a circle. (Note that a bifurcation of steady-state modes of current transfer occurs at this state: a 3D steady-state mode branches off from the first axially symmetric spot mode.) Initially, this state is positioned in the region of low currents; see figure 3(a): the high-temperature branch is unstable at lower currents but still stable between the point of change of stability against the first mode of 3D perturbations and the turning point. As d decreases further, the point of change of stability moves in the direction of the turning point; the stable section of the high-temperature branch shrinks. At d ≈ 0.88 mm the point of change of stability passes over the turning point and moves to the low-temperature branch; the whole of the high-temperature branch becomes unstable. At still smaller d, the point of change of stability against the first mode of 3D perturbations is shifted in the direction of low currents and eventually displaced from the graph; figure 3(c) . This is a situation familiar from simulations for the cathode with a flat front surface [22] : the high-temperature branch of the first axially symmetric spot mode is unstable against the first mode of 3D perturbations; the low-temperature branch is unstable against the first mode of 3D perturbations and axially symmetric perturbations (and, at low currents, also against higher modes of 3D perturbations).
The above results reveal the first possible scenario of variation of the pattern of current transfer to thermionic cathodes: a change in stability of the first axially symmetric spot mode which occurs through a travel of the point of change of stability against the first mode of 3D perturbations along the whole spot mode.
Prolate spheroidal tip.
CVCs and the dependence of the maximum temperature of the cathode surface on the arc current for prolate tips, d > R, are shown in figure 4 . As d increases from 1 mm upwards ( figure 4(a) ), the abovedescribed Z-shape which is present on the low-temperature branch of the spot mode in the basic variant (figure 2) becomes better pronounced and simultaneously is shifted in the direction of low currents. As d increases further, the Z-shape is shifted into the range I < 0.1 A and disappears from the graph ( figure 4(b) ). there is a state, corresponding to I ≈ 3.63 A, which belongs to both modes. In other words, a bifurcation occurs. There are two disconnected modes once again as d grows further (figure 4(c)); however, we will see that these modes cannot be identified with the diffuse and spot modes. The mode to which the index 3 refers exists in the whole current range under consideration and possesses a Z-shape. It is stable with the exception of the 'retrograde' section of the Z-shape (the section between the turning points). The mode to which the index 4 refers exists only at low currents and comprises two branches separated by a turning point. Again, the branch which manifests higher or, respectively, lower values of the maximum temperature of the cathode surface will be referred to as the high-or low-temperature branch. The low-temperature branch is stable in this case (and is represented by the solid line) while the high-temperature branch is unstable (and is represented by the dotted line), in contrast to what happens in the case of the spot mode depicted in figures 2, 4(a), and 4(b). The hightemperature branch of mode 4 in the whole range of existence of this mode is associated with a slightly lower near-cathode voltage drop than the low-temperature branch, although the difference is small and can hardly be seen in figure 4(c) .
As d increases, the Z-shape on mode 3 becomes less pronounced and is eventually extinguished ( figure 4(d) ). Mode 4 is shifted in the direction of low currents; eventually it is displaced from the graph and only one mode exists in the whole current range considered ( figure 4(d) ). Since this mode possesses no Z-shapes, only one thermal regime of the cathode is possible at any current value within the range considered. It is interesting that this mode manifests a minimum in the dependence of the temperature of the hottest point of the cathode on the arc current, positioned at I ≈ 23.9 A.
Apart from the Z-shapes that may be present on mode 2 (spot mode) and mode 3, the CVCs of modes 3 and 4 shown in figures 4(c) and (d) are not fundamentally different from the CVCs of the diffuse and, respectively, spot modes in figures 2, 4(a) and 4(b). However, the maximum cathode temperature in mode 3 at all currents exceeds the maximum temperature on both branches of mode 4, and this does not allow one to identify mode 3 with the diffuse mode and mode 4 with the first axially symmetric spot mode. Temperature distributions in the body of the cathode for several states belonging to mode 3 are shown in figure 5 . While high-current states are characterized by smooth temperature distributions typical for the diffuse mode, there is a well-defined spot in the low-current states. A comparison of the distributions of the temperature of the cathode surface for states with the same current belonging to the stable, or low-temperature, and unstable, or high-temperature, branches of mode 4 is shown in figure 6 . (Here L is the distance to the centre of the front surface of the cathode measured along the generatrix.) States belonging to the stable branch are characterized by smooth temperature distributions typical for the diffuse mode and there is something resembling a poorly pronounced spot on the unstable branch. In other words, each of the two modes of steady-state current transfer existing in this geometry embraces diffuse states and states with spots; a result similar to the one reported in [23] for a cathode with a protrusion on the top of a hemispherical tip.
One should emphasize that the above-described bifurcation occurring at I ≈ 3.63 A in the case d ≈ 1.383 mm involves modes of the same symmetry and occurs at only one value of the parameter d. In this respect, this bifurcation is fundamentally different from the pitchfork (symmetrybreaking) and saddle-node bifurcations already encountered in the theory of axially symmetric arc cathodes [15, 21] . One can see from figures 4(b) and (c) that the modes exchange branches at this point, and this is why each of the two modes at d > 1.383 mm embraces states typical for both diffuse and spot modes.
The above results reveal the second possible scenario of variation of the pattern of current transfer to thermionic cathodes: a bifurcation that is not symmetry-breaking occurs at a particular value of a control parameter (d, in this case) and is accompanied by an exchange of branches.
Effect of the cathode radius and height
Simulations reported in this section have been performed for a cathode with a hemispherical tip, d = R, at T c = 1000 K. First, the cathode radius R was varied at a fixed height h = 10 mm. Second, the height h was varied at a fixed radius R = 1 mm. The results of the simulations were the following. (The corresponding graphs are not given here in order not to overload the paper.)
The effects of increase in the radius from 1 mm upwards and of decrease in the height from 10 mm downwards are both quite similar to the effect of increase in the curvature of the cathode tip at a fixed R and h. The Z-shape which is present on the low-temperature branch of the spot mode in the basic variant (figure 2) becomes better pronounced and simultaneously shifted in the direction of low currents. The diffuse and spot modes approach each other and a bifurcation that is not symmetry-breaking appears (at an R value somewhere between 1.16 mm and 1.17 mm or, respectively, at an h value between 8.32 mm and 8.33 mm). This bifurcation is accompanied by an exchange of branches, so each of the two modes emerging at R 1.17 mm or, respectively, h 8.32 mm embraces states typical for both diffuse and spot modes. In other words, the second abovedescribed scenario occurs.
A decrease in the cathode radius from 1 mm downwards and an increase in the height from 10 mm upwards do not cause dramatic changes in the pattern of modes of current transfer. The diffuse and spot modes continue to exist separately. The Z-shape which is present on the low-temperature branch of the spot mode in the basic variant (figure 2) becomes less pronounced and eventually is extinguished. The turning point of the spot mode is shifted in the direction of low currents. There is no effect on the stability: the diffuse mode is stable, the high-temperature branch of the spot mode is stable and the low-temperature branch is unstable. Note that some of these features are similar to those characteristic of the decrease in the curvature of the cathode tip at fixed R and h (the separate existence of the diffuse and spot modes and the disappearance of the Z-shape), while the others are different (the shift of the turning point of the spot mode and the lack of effect over stability).
Effect of a protrusion at the top of the cathode tip
In this section, a cathode in the form of a rod with a hemispherical tip and a hemispherical protrusion is considered and modelling results are given for different radii of the protrusion, all the other parameters being fixed. CVCs and the dependence of the maximum temperature of the cathode surface on the arc current are shown in figure 7 . Temperature distributions in the body of the cathode for several states belonging to mode 3 under conditions of figure 7(e) are shown in figure 8 .
Let us first compare figure 7(a) with figure 2. The presence of a protrusion produces virtually no effect over the diffuse mode and a strong effect over the spot mode. First, the maximum temperature attained by the cathode surface on the stable branch of the spot mode is much higher than that under conditions of the basic variant: the temperature of the protrusion exceeds 5000 K under conditions of figure 7(a). Second, the spot mode under conditions of figure 7(a) possesses three turning points, similarly to the spot mode under conditions of figure 2, and changes its stability at each of these turning points, in contrast to what happens under conditions of figure 2. It is interesting to note that the number of turning points of the spot mode may vary with an increase in the radius of the protrusion; e.g. five turning points are seen in figure 7(b) .
One can see from figures 7(a)-(e) that the effect of an increase in the radius R p of the protrusion is similar to the effect of an increase in the curvature of the cathode tip at fixed R and h or an increase in the ratio R/ h of the cathode with a hemispherical tip. The diffuse and spot modes approach each other and a bifurcation that is not symmetry-breaking occurs at an R p value somewhere between 80 and 85 µm. This bifurcation is accompanied by an exchange of branches, so each of the two modes emerging at R p 85 µm embraces states typical for both diffuse and spot modes. In other words, the second above-described scenario occurs.
Effect of the temperature of the cathode base
In this section, a cathode of the same geometry that in the basic variant is considered and modelling results are given for different temperatures T c of the cathode base. CVCs and the dependence of the maximum temperature of the cathode surface on the arc current are shown in figure 9 .
Comparing figure 9(a) with figure 2, one can see that the decrease in the temperature of the cathode base from 1000 to 750 K has virtually no effect on the diffuse mode. The Z-shape which is present on the low-temperature branch of the spot mode in the basic variant is not seen in figure 9(a): it has been shifted to the range of lower currents.
As T c decreases further, a junction appears between the diffuse and spot modes and these modes form a single mode with a Z-shape; see figure 9 in figures 4(c) and 7(c) and is attributed the same designation.
As T c decreases still further, the Z-shape on this mode becomes less pronounced and is eventually extinguished ( figure 9(c) ). Skipping for brevity temperature distributions in the body of the cathode for different arc currents under conditions of figure 9 (c), we only note that mode 3 in these conditions embraces states typical for both diffuse and spot modes, similarly to mode 3 under conditions of figures 4(c) and 7(c).
In order to investigate the appearance of the junction, modelling was performed for T c from 750 to 730 K in the current range down to 10 mA. The pattern of solutions at T c = 749 K is similar to the one shown in figure 9 (a) and comprises two disconnected modes. At T c 748 K, the pattern of solutions is similar to the one shown in figure 9(b): there is a single mode with a Z-shape. Note that the junction at T c = 748 K occurs at I ≈ 12 mA. In other words, the junction of the diffuse and spot modes enters the range of I being considered from the region of very low currents.
Thus, one can identify the third scenario of variation of the pattern of current transfer: a junction of the diffuse and spot modes, the result being a single mode existing in a wide current range and comprising states characteristic of the spot mode at low current and of the diffuse mode at high currents. This mode is similar to mode 3 in the second scenario; however, there is a difference in the two scenarios as far as the way of its appearance is concerned: through a junction of the diffuse and spot modes that enters the considered range of I from the region of very low currents in the third scenario or through a bifurcation that is not symmetry-breaking and occurs at a certain value of I inside the current range being considered in the second scenario. No analogue of mode 4 exists in the third scenario.
Discussion
Simulation results reported in this work show that variations of control parameters may dramatically change the pattern of steady-state modes of current transfer to a thermionic arc cathode. Three scenarios of these changes have been found. The first one is the movement of the point of change of stability against the first mode of 3D perturbations along the axially symmetric spot mode. This scenario occurs when the curvature of the front surface of the cathode increases starting from zero at fixed radius and height of the cathode. This movement results in the high-temperature branch of the axially symmetric spot mode, while being unstable on the cathode with a flat front surface, becoming stable on a cathode with a hemispherical front surface.
The second scenario is realized through a bifurcation of the diffuse and axially symmetric spot modes that occurs at a certain combination of control parameters and is not symmetry-breaking. The bifurcation is accompanied by an exchange of branches of the modes, which is why each of the two modes appearing as a result of the bifurcation embraces states typical for both diffuse and spot modes. One of these two modes (mode 3) exists at all currents, possesses a Z-shape, and is stable with the exception of the retrograde section of the Z-shape. The other mode (mode 4) exists only at low currents and comprises two branches separated by a turning point, one of these branches being stable and the other unstable. Further on from the bifurcation point, the Z-shape on mode 3 becomes less pronounced and is eventually extinguished, mode 4 is shifted in the direction of low currents and is eventually displaced into the range I < 0.1 A. Thus, only one mode remains in the current range of interest and this mode embraces states with a diffuse temperature distribution at high currents and states with a hot spot at low currents. Since this mode possesses no Z-shapes, only one thermal regime of the cathode is possible at any current value within the range considered and this regime is stable. This scenario was encountered when the curvature of the front surface was increased at a fixed cathode radius and height, when the radius of a cathode with a hemispherical tip was increased at a fixed height, when the height of a cathode with a hemispherical tip was decreased at a fixed radius and when the radius of a hemispherical protrusion on top of a cathode in the form of a rod with a hemispherical tip was increased.
The third scenario is realized through a junction of the diffuse and axially symmetric spot modes, which enters the considered range of arc currents from the region of very low currents. This scenario is similar to the second one except that mode 4 does not appear. This scenario was encountered when the temperature of the cathode base was decreased at fixed geometrical parameters.
The first above-described scenario is intuitively clear: rounding of the cathode tip produces a stabilizing effect over a spot positioned at the centre of the tip. The physical meaning of the second scenario may be understood as follows. There are two reasons for the appearance of concentrations of current in certain parts of the cathode surface, i.e. of current spots: nonuniformities of geometrical and/or physical properties of the current-collecting surface (such as the presence of protrusions or areas with a reduced work function) and self-organization. A cathode with a flat front surface and thermally and electrically insulated lateral surface [15] represents a limiting case in which the current-collecting surface of the cathode is uniform and the first reason is absent. The diffuse mode of current transfer to such a cathode is described by a 1D solution: the temperature in the body of the cathode varies in the axial direction but not in the transversal directions. This solution exists at all arc currents. At arc currents low enough, also axially symmetric and 3D solutions exist describing different spot modes. In other words, a state with uniform distributions of temperature and current density along the front surface exists at any arc current, and at arc currents low enough also states with non-uniform distributions, i.e. self-organization, exist.
In all the cases other than the above-described limiting case, including the case of a cathode with a flat tip and an active lateral surface, the current-collecting surface is geometrically non-uniform. Accordingly, the diffuse mode is multidimensional rather than 1D and is associated with temperature and current density that vary along the cathode surface rather than being constant. One can expect that the non-uniformity, if it is strong enough, is incompatible with the existence of multiple solutions, i.e. with self-organization. Therefore, the second scenario may be understood as a transition from a pattern with two distinct modes, which is a manifestation of self-organization, to a pattern with one mode, which is governed by a non-uniformity of the current-collecting surface. The bifurcation through which this transition is realized may be understood in similar terms: when the non-uniformity of the current-collecting surface reaches a certain level, the cathode temperature distribution associated with the diffuse mode becomes at a certain value of the arc current exactly identical to the temperature distribution associated with the spot mode; the diffuse and spot modes become connected, i.e. a bifurcation occurs. One needs to resort to the general theory of bifurcations in order to understand why this bifurcation is accompanied by an exchange of branches between the diffuse and spot modes; this question is beyond the scope of this work and will be treated elsewhere [32] .
The physical meaning of the third scenario is the same: it may be viewed as a transition from a self-organized pattern with two distinct modes, the diffuse mode and the spot mode, to a pattern with a single mode, mode 3, which is governed by a non-uniformity of the current-collecting surface and embraces states with a diffuse temperature distribution at high currents and states with a hot spot at low currents.
An increase in d (at all the other parameters, including the arc current, being fixed) or R p clearly results in a less uniform current distribution in the diffuse mode. The same effect is produced by an increase in R: the area of the arc attachment is governed primarily by the arc current and does not change much if the current is fixed, while the area of the current-free surface increases. The same effect is produced also by a decrease in h or T c : a more intense cooling of the arc attachment results in its shrinking. The latter statements are illustrated by figure 10 , where distributions of the current density over the hemispherical cathode tip are shown for states corresponding to the same arc current I = 5 A. Here θ is the polar angle, θ = 0 and θ = 90
• corresponding to the centre of the tip and, respectively, junction of the tip with the cylindrical lateral surface. Lines 1, 2 and 3 correspond to states belonging to the diffuse mode in, respectively, the basic variant, a variant with an increased R and a variant with a reduced h. Line 4 corresponds to a state belonging to the 'base' of the Z-shape in a variant with a reduced T c ; note that the Z-shape in this variant is localized in the current range 2.3 A I 11.4 A. One can see that the distributions described by lines 2-4 manifest considerably more narrow maxima at the centre of the tip than the distribution described by line 1, i.e. are less uniform.
Thus, in all the cases the evolution of a self-organized pattern with two distinct modes in the direction of a pattern with one mode is accompanied by an increase in non-uniformity of the diffuse mode, in accordance with the above reasoning.
The above reasoning explains the direction of evolution of the patterns caused by a variation of each parameter but does not predict whether this evolution occurs through the second or third scenario. In fact, similar variations of the same parameter may provoke both scenarios, depending on the other parameters. For example, a decrease in h at d = R = 1 mm provokes the second scenario when realized at T c = 1000 K (see section 3.3) and the third scenario when realized at T c = 300 K.
According to the above reasoning, the physics of the spotlike arc attachment at low currents in mode 3 and in the spot mode is not quite the same. The spot in the spot mode is a result of self-organization. The corresponding thermal regime is not the only one possible under the conditions considered: a thermal regime with a diffuse temperature distribution is possible as well, and also a thermal regime associated with the other branch of the spot mode. The spot at low currents in mode 3 represents an attachment of the arc to the centre of the cathode tip. No other stationary thermal regime of cathode exists after the Z-shape has disappeared. In fact, mode 3 may be viewed as a diffuse mode with a strongly variable size of the arc attachment. At high currents, which are sufficient to heat up the whole of the cathode tip, the attachment covers the whole front surface of the cathode. At low currents, which suffice to heat up only a small fraction of the cathode tip, the attachment occupies a small fraction of the front surface. This variation of the size of the arc attachment is clearly seen in figures 5 and 8.
Comparison with experiment
Low-current arcs
Results of the present modelling seem to be related to results of experiments [6, 24, 25] , which have been performed in lowcurrent arcs typical for high-intensity discharge lamps. The experiments [24, 25] indicate that a protrusion on the front surface of the cathode facilitates a stable operation of the cathode in the spot mode, in particular, helps to eliminate flickering. In [6] , three modes of current transfer were observed: the diffuse mode, the spot mode and a new mode called by the authors the super spot mode. The cathodes were manufactured as rods with a flat tip. After operation in the spot mode, the edge of the front surface became rounded due to local melting. After some hours of operation in the spot mode, structures of the dimension of about 20-200 µm appeared, which were interpreted as attachment locations for the super spot mode. Data of thermal measurements in the spot and super spot modes taken from figure 15 of [6] are shown in figures 11(a) and (b). The super spot mode manifests significantly decreased global cathode tip temperature and significantly decreased total power losses of the cathode (power removed from the cathode by heat conduction and radiation). The latter means that this is the most efficient mode of cathodic arc attachment.
Also shown in figure 11 are modelling results. In accordance with the experimental observations, the following four variants of the cathode geometries were considered: a rod with a flat front surface; a rod with a front surface which is flat at the centre and rounded at the edge, the radius of rounding being 100 µm; a cathode with a hemispherical tip and a hemispherical protrusion of a 100 µm radius located on top of the tip; a cathode with a hemispherical tip and a protrusion in the form of half of a prolate spheroid with minor and major semi-axes of 50 µm and 150 µm, respectively. It was set R = 0.75 mm, h = 19 mm, T c = 300 K in all the variants.
In the first and second variants two separate modes were found, the diffuse mode and a 3D spot mode with a spot at the edge of the front surface of the cathode localized in the There is good agreement between the modelling and the experiment on the spot mode. According to the modelling, protrusions cause reductions of the global tip temperature and the power losses, and these reductions are comparable to those measured in the super spot mode provided that the protrusion is elongated. Thus, the super spot mode observed in the work [6] may be explained as mode 3 of this work attached to an elongated protrusion.
After an arc operating in the super spot mode in the experiments [6] was turned off and then reignited, the super spot mode did not immediately re-appear and the spot mode was always observed. (In some cases, the spot mode changed into the super spot mode some time after the reignition. In other cases, the spot mode changed into the diffuse mode, i.e. the super spot mode did not re-appear at all.) The fact that the super spot mode does not re-appear immediately after the reignition of the arc could be understood if there were a special mechanism relating the super spot mode to molten tungsten [6] , for example, if the electron emission increased when the emitted surface is molten. An alternative explanation may be suggested on the basis of simulation results shown in figure 11 . The shape of a protrusion is governed by a balance of a number of forces, including surface tension, gravity, aerodynamic drag and the electromagnetic force. When the current is switched off, the aerodynamic drag and the electromagnetic force, which maintain protrusions elongated, disappear, but surface tension and gravity persist and the protrusions assume a more or less spherical shape (seen in figure 8(d) of [6] ) before the solidification. After the arc has been reignited, elongated protrusions must be formed once again before the super spot mode could re-appear.
Data on CVCs of cathodes operating in the spot and super spot modes taken from figure 15 of [6] are shown in figure 11(c) . Also shown are modelling data obtained in the same way as above. Calculated values of the near-cathode voltage drop exceed values measured in the spot mode by about 30% and values measured in the super spot mode by about a factor of 2. This deviation is not surprising: the experimental values were derived from the cathode heat losses, and this procedure, while being acceptable in the case of the diffuse mode, becomes problematic in the case of the spot mode. The latter was discussed in section 3.4.3 of [9] and is also clear from the modelling data shown in figure 11 : while thermal characteristics of the diffuse mode, spot mode and mode 3 are very different, the CVCs are not; in other words, variations of U and P L are unrelated. The reason is that the reduction in total power losses of the cathode in the spot mode and mode 3 occurs not due to a reduced power input into the near-cathode plasma layer, but rather due to an increased power transported by the electron current from the near-cathode layer into the plasma bulk.
High-current arcs
Different modes of current transfer to cathodes of high-current arcs have received considerably less attention than those in low-current arcs. Rather detailed data on atmospheric-pressure argon arc at I =20-200 A have been reported in [7] . The cathode was made of (pure) tungsten in the form of a rod of 1 mm radius and 14-15 mm length. The cathode was pressed into a water-cooled copper holder to a depth of 5 mm, so the part of the cathode that was sticking out (i.e. was in contact with the plasma or the cold gas) had a length of 9-10 mm. Two forms of arc attachment to the cathode were observed, the diffuse mode and the constricted mode. The former is favoured by higher values of the stick-out length and the latter by lower values; the above-mentioned value of 9-10 mm was selected empirically so as to make the probabilities of the two modes comparable. If the arc was initiated at I 100 A, either form of attachment may set in and persist for long, until a spontaneous switching to the other happens. At I ≈ 120 A, a regular switching with a frequency of around 0.5 Hz was observed repeatedly. At I 120 A, the attachment of the arc was, as a rule, diffuse. If the arc attachment to the fresh cathode switched to the diffuse mode at I 60 A, the shape of the cathode tip changed and became hemispherical. At I = 60 A, this change took several tens of minutes. Data on axial distributions of the cathode surface temperature measured at three values of I on a cathode operating in the diffuse mode, taken from figure 6 of [7] , are shown in figure 12. (z is the distance measured along the cathode axis from the tip in the direction inside the cathode body.) Also shown in figure 12 are modelling results. Modelling of heat propagation inside the holder, although feasible, is hardly advisable at the present stage and the modelling was performed along the same lines as above. Three variants have been treated: a rod cathode of a height of 12 mm with a hemispherical tip; a rod cathode of a height of 12 mm with a flat tip; and a rod cathode of a height of 10 mm with a hemispherical tip. In terms of parameters specified in the beginning of section 3, these variants may be described as, respectively, h = 12 mm, d = 1 mm; h = 12 mm, d = 0; and h = 10 mm, d = 1 mm, with R = 1 mm and R p = 0 in all variants. The cooling temperature T c was set equal to 300 K. In the first variant, mode 3 with a Z-shape localized in the current range 7.8 A I 12.5 A was found. Two separate modes were found in the second variant, the diffuse mode and a 3D spot mode with a spot at the edge localized in the range I 34.3 A. Mode 3 without a Z-shape was found in the third variant. Thus, only one mode of current transfer was found in each variant for the current values to which data in figure 12 refer, and this is the diffuse mode or the high-current section of mode 3 which comprises states typical for the diffuse mode.
It is known that characteristics of the diffuse mode are only weakly sensitive to variations of control parameters. Indeed, characteristics of the diffuse mode and mode 3 in the different above-described variants are rather close. For example, the near-cathode voltage at I = 100 A was 10.3 V, 10.3 V, 10.6 V in the first, second and third variants, respectively, while the temperature of the cathode surface at z = 1 mm was 3647, 3486 and 3598 K. For definiteness, we indicate that the lines in figure 12 represent modelling data under conditions of the first variant. According to both the experiment and the modelling, dependence of the temperature of the cathode surface on arc current is relatively weak, and the quantitative agreement is reasonable.
As far as the spot, or constricted, mode is concerned, the modelling correctly describes trends observed in the experiment, for example, the possible occurrence of both diffuse and spot modes at low currents and occurrence of only diffuse mode at currents high enough or the fact that the diffuse mode is favoured by higher values of the stick-out length and the constricted mode by lower values. Another example is the observation that a stable axially symmetric attachment occurred only after the end of the rod had become hemispherical, which conforms to the modelling of this work. However, the range of existence of the spot mode in the experiment, which is up to 100 or 120 A, is considerably wider than the range in which two modes are obtained in the modelling, which is up to 12.5 A in the first above-described variant and 34.3 A in the second. Further work is clearly required, and this work should involve planning of experiments with account of modelling results.
Possibilities to be explored in future experiments
One of the results of the present modelling is the possibility of transition from the pattern with disconnected and stable diffuse and spot modes to a pattern with only one stable mode in a wide current range, which combines features of spot and diffuse modes. In situations where the first pattern occurs, the transition between the diffuse and spot modes is non-stationary and accompanied by hysteresis. Note that from the experimental point of view this situation includes not only cases in which the diffuse and spot modes found in the modelling are exactly disconnected as shown in figure 2, but also cases in which mode 3 possesses a Z-shape, as is the case under conditions of figure 4(c) in the current range I 3 A. In situations where only one stable mode exists in a wide current range (the second pattern), the transition between the diffuse distributions of the cathode surface temperature and distributions with spots may be realized in a quasi-stationary way without hysteresis. Furthermore, a minimum of the dependence of the temperature of the hottest point of the cathode on the arc current occurs during this quasi-stationary transition.
These conclusions may be verified experimentally in a relatively straightforward way. The experiment must be performed in a wide current range, including the range from 5 to 50 A, which is usually not covered, and be well controlled, since the sensitivity of the pattern on control parameters is in some cases very high. Cathodes with hemispherical or blunt conical tips may be used, provided that their dimensions and cooling system are suitably chosen. The minimum in the temperature of the hottest point of the cathode can cause similar minima in parameters of the near-cathode plasma and may be traced in this way.
Another conclusion that may be verified experimentally is the one on existence of stable regimes of current transfer which are intermediate between those characteristic for arc and glow cathodes and are associated with currents of several hundred milliamperes and nearcathode voltages of several hundred volts.
Conclusions
Variations of control parameters may dramatically change the pattern of steady-state modes of current transfer to a thermionic arc cathode. Three scenarios of these changes have been found: movement of the point of change of stability along a mode; bifurcation of modes of the same symmetry occurring at a certain combination of control parameters and accompanied by exchange of branches of the modes; junction of modes of the same symmetry which enters the considered range of arc currents from the region of very low currents.
The first scenario is at the origin of the change in stability of the high-temperature branch of the first axially symmetric spot mode which occurs in a transition from a cathode with the flat front surface to a cathode with the hemispherical front surface. The second or third scenarios are provoked by an increase in the curvature of the front surface of the cathode or in the cathode radius or by a decrease in the cathode height or the cooling temperature or by a protrusion on the front surface of the cathode. These scenarios result in a transition from the pattern with disconnected and stable diffuse and axially symmetric spot modes to a pattern with only one stable mode (mode 3) in a wide current range, which combines features of spot and diffuse modes at low and, respectively, high currents.
A pattern with two distinct modes may be viewed as a manifestation of self-organization, while a pattern with one mode is governed by a non-uniformity of the current-collecting surface of the cathode. On the other hand, all the abovementioned variations of control parameters contribute to the diffuse mode becoming less uniform along the front surface. Therefore, the second and third above-described scenarios may be interpreted as a disappearance of self-organization due to an increasing non-uniformity of the current-collecting surface.
Modelling results provide an explanation for some observations made in experiments with low-current arcs typical for high-intensity discharge lamps. In particular, the super spot mode observed in the work [6] may be explained as mode 3 of this work attached to an elongated protrusion. There is also reasonable agreement between the modelling and the experiment [7] on cathodes operating in the diffuse mode at high arc currents. The modelling correctly describes trends observed in the experiment on spot mode in high-current arcs, however, the range of existence of the spot mode in the experiment exceeds that in the modelling. A further work is required, and this work should involve planning of experiments with account of modelling results.
The conclusions on existence under certain conditions of only one stable mode in a wide current range, which combines features of both spot and diffuse modes, and of a minimum of the dependence of the temperature of the hottest point of the cathode on the arc current, manifested by this mode, may have industrial importance and admit a relatively straightforward experimental verification.
